The ability of human clinical isolates of Yersinia enterocoltca to interact with HEp-2 cells was found to vary considerably between the serotypes 0:3, 0:8, and 0:9. Although all three serotypes adhered initially to the cell surface, regardless of incubation temperature of the bacterial inoculum or presence of the 40-to 48-megadalton virulence plasmid, the ability to localize intracellularly was not uniformly expressed. By using a combined light optical method based on differential interference contrast and UV incident light microscopy, we found that (i) in serotype 0:3, resistance to internalization was dependent upon prior growth at 37°C and carriage of the virulence plasmid; (ii) in serotype 0:9, this property was plasmid dependent but not temperature dependent; (iii) in serotype 0:8, it was constitutive. The ability of serotype 0:3 to resist internalization was correlated with the expression of plasmid-associated fibrillae on the bacterial surface. No relationship between fibrillation and HEp-2 cell interaction was apparent for serotype 0:8 or 0:9. Serotypes 0:8 and 0:9, unlike the 0:3 strains studied, associated with HEp-2 cells in greater number after cultivation at 22°C than after cultivation at 37°C. We failed to establish a correlation between the expression of surface fibrillae and the ability to evoke guinea pig conjunctivitis.
Human pathogenic strains of Yersinia enterocolitica harbor a particular species of plasmid DNA within a size range of 40 to 48 megadaltons (11, 33, 40, 42) . The presence of this plasmid is a prerequisite for expression of virulence in laboratory animals (2, 11, 12, 33, 42) . Besides plasmidcontrolled functions, chromosomal determinants are also essential for animal virulence (12) . In contrast, plasmidassociated properties are not required for interaction with epithelial cells (HeLa, HEp-2) in vitro (12, 33, 36, 40) . The ability to associate with cultured cells is exhibited by all human pathogenic strains, regardless of carriage of the virulence plasmid, whereas most nonclinical isolates are unable to interact (33) . Portnoy et al. (33) demonstrated that plasmid-containing (P+) and plasmid-cured (P-) bacteria localized intracellularly in HEp-2 cells with equal efficiency; these authors advocated that the contribution of the virulence plasmid to pathogenesis probably occurs after penetration of the cell membrane. On the other hand, Vesikari et al. (40) suggested that the virulence plasmid primarily determines epithelial cell adherence. Although both P+ and Pbacteria were found to be invasive for HEp-2 cells, a substantial proportion of the P+ bacteria adhered to the cell surface, whereas their P-mutants were mainly intracellular. The results of Heesemann et al. (12) point in the same direction. These observations, unlike those of Portnoy et al., strongly suggest that the virulence plasmid imparts some rather striking properties to Y. enterocolitica that significantly influence the nature of interaction with cultured cells. Methodological differences may well account for these discrepancies. However, since the studies referred to above were based on different sets of serotypes, it is also possible that the observations may reflect dissimilar pathogenic strategies among Y. enterocolitica serotypes. The ability to evoke infection in laboratory animals depends on the serotype (24, 27, 35, 36) . Moreover, both the size and restriction endonuclease pattern of the virulence plasmid vary significantly among serotypes (13, 33, 40) .
The virulence plasmid of Y. enterocolitica contains struc-* Corresponding author.
tural genes coding for the expression of a series of temperature-inducible outer membrane proteins (34) that are at least partly externally exposed (26) . Attention has been focused on a high-molecular-weight polypeptide designated protein 1 (or YOP1) (4, 5, 18, 34, 38) . It has recently been documented that P+ isolates of Y. enterocolitica, unlike their P-mutants, produce a hydrophobic matrix of fibrillae distal to the outer membrane when cultivated at 37°C but not when cultivated at 22°C (17, 20) . These surface structures are distinct from the fimbriae which are elaborated by certain Yersinia strains (23, 29) . The phenotypic expression of the fibrillae was correlated with (i) production of one prominent outer membrane protein, apparently identical to protein 1, (ii) autoagglutination, and (iii) expression of a mannoseresistant hemagglutinin, all of which probably reflect the same determinant (17; G. Kapperud and E. Namork, manuscript in preparation). Since all of these factors are related to the bacterial surface, the question follows as to whether they play a role in the interaction with human cells in vivo or in vitro.
The main purpose of the present investigation was to study in greater detail whether the ability to interact with HEp-2 cells is uniformly expressed among different Y. enterocolitica serotypes. Furthermore, this study enabled an assessment of the potential relationship between expression of the plasmid-dependent surface fibrillae and the ability to (i) associate with HEp-2 cells and (ii) evoke conjunctivitis in the guinea pig eye (Sereny test).
MATERIALS AND METHODS
Bacterial strains. The salient properties of the bacterial strains included in this study are presented in Table 1 . The 18 strains of Y. enterocolitica examined comprised (i) 14 human clinical isolates of serotypes 0:3, 0:8, and 0:9 implicated as causative agents ofgastroenteritis and (ii) four environmental isolates of serotypes 0:3, 0:4, and 0:6 recovered from the intestinal contents of apparently healthy small rodents (14) . All strains were serotyped and biotyped according to the methods and criteria of Wauters (G. Wauters, thesis, University of Louvain, Brussels, Belgium, 1970). These isolates formed the basis for selection of the derivatives used in the experiments. Selection of isogenic derivatives. Each of the clinical isolates were represented by a pair of isogenic derivatives: (i) a plasmid-bearing variant harboring the 40-to 48-megadalton virulence plasmid (P+) and (ii) its plasmid-cured mutant (P-). P+ colonies were selected from the primary isolates on the basis of their ability to autoagglutinate spontaneously at 37°C (21) . P-mutants were derived from P+ parents by selection for Ca2+-independent growth at 37°C on magnesium oxalate agar (10, 32) . The presence or absence of the virulence plasmid was ascertained by using a rapid smallscale modification of the alkaline lysis technique of Birnboim and Doly (3) as described by Maniatis et al. (25) . The P+ strains studied were from the series previously shown to produce at least one of the plasmid-dependent surface factors (16) (17) (18) . The environmental isolates did not produce P+ variant lines and were consequently represented by their Pderivatives throughout this study. Stock cultures of P+ and P-variants were maintained at -70°C in heat-inactivated horse serum with 17% glycerol.
Cultivation of HEp-2 cell monolayers. Monolayers of HEp-2 cells were grown on circular glass cover slips (diameter, 14 mm) in 24-well tissue culture plates (Linbro; Flow Laboratories Inc., Inglewood, Calif.). Each well was supplied with 1 ml of cell suspension in Eagle basal medium (EBM) containing 5% fetal calf serum (FCS) (Gibco Europe Ltd., Paisley, Scotland), sodium bicarbonate (0.1%), streptomycin (100 IU/ml), and penicillin (100 IU/ml). The cell inoculum was adjusted to approximately 6 x 105 cells per well to achieve an almost complete monolayer with intermediate blank areas ("leopard spots"). The cells were incubated for 48 h at 37°C in a 5% CO2 atmosphere with saturated humidity. All subsequent incubations of the cells were carried out under these conditions. Before bacterial inoculation, the resultant monolayers were washed three times with temperate (37°C) 0.01 M phosphate-buffered saline (pH 7.4) and supplied with fresh EBM (containing 1% FCS) without antibiotics. After incubation for 1 h, the cells were washed three times with phosphate-buffered saline to minimize the concentration of antibiotics and finally supplied with 1 ml of EBM (containing 1% FCS) without antibiotics.
Challenge of HEp-2 cells. Bacteria were prepared for testing by cultivation for 18 to 20 h at 22 or 37°C under -aerobic and static conditions in 5 ml of EBM with 10% FCS and 0.1% sodium bicarbonate. This medium has been shown to promote the expression of the plasmid-associated surface fibrillae of Y. enterocolitica (17) . The bacteria were harvested by low-speed centrifugation and resuspended in EBM with 1% FCS to a concentration of about 109 bacteria per ml by turbidimetric adjustment of the bacterial suspension (optical density of 0.5 at 620 nm in a Hitachi 101 spectrophotometer). The cell monolayers were inoculated with 0.1 ml of bacterial suspension to give a final inoculum of approximately 108 bacteria per well. The bacteria to be tested were each inoculated into three parallel wells, which were incubated for 30, 60, and 120 min, respectively, before fixation.
Fixation and staining. Before fixation, the cells were washed three times with phosphate-buffered saline to remove bacteria not associated with the cells. The cells were then fixed overnight with 2% glutaraldehyde in cacodylatesucrose buffer (0.1 M cacodylate, 0.1 M sucrose, pH 7.2) and subsequently washed three times with the same buffer. The specimens were stained for 4 min with acridine orange (50 mg/liter) in cacodylate-sucrose buffer (19) , washed with distilled water, and finally mounted on glass slides for microscopy.
Microscopy. The preparations were examined at a final magnification of x1,000 by using a combination of two optical systems applied on the same microscope: (i) Nomarski differential interference contrast microscopy (1) and (ii) UV incident light microscopy. A detailed description of the microscope and the methods employed has been given by Bukholm et al. (7) . This approach enabled effective discrimination between extracellular (adhesive) and intracellular (invasive) bacteria. The accuracy and sensitivity of this method have been established by comparison with scanning electron microscopy (7). At least 100 cells were examined in each preparation. The The results revealed significant differences between the human pathogenic serotypes 0:3, 0:8, and 0:9 and the environmental strains (Tables 2 and 3 ).
Serotype 0:8. All strains belonging to serotype 0:8 were invariably located on the surface of the HEp-2 cells (Table  2) . Intracellular bacteria were never observed over a period of 2 h, regardless of the presence of the virulence plasmid or incubation temperature of the bacterial inoculum. Bacteria cultivated at 22°C adhered to the cells in considerably greater number than the same bacteria grown at 37°C (Table  3 ). This growth temperature-related difference in binding capacity was statistically significant (P < 0.05) for both P+ and P-bacteria for observations up to 2 h. Moreover, after cultivation at 22°C, both P+ and P-variants caused cell rounding and detachment of the monolayers (Table 3 ). This cytotoxic effect was only demonstrable for cells with .40 adhering bacteria. Cytotoxicity was not observed with the 37°C-grown cultures, which attacked the cells with lower numbers of bacteria than their 22°C-grown counterparts.
Serotype 0:9. In contrast to serotype 0:8, which was strictly extracellular, serotype 0:9 was capable of intracellular localization. However, intracellular bacteria were only observed for P-variants of this serotype, whereas their P+ parents remained invariably extracellular (Table 2) . After cultivation at 22°C, all P-strains tested adhered to the cell surface and then gradually became internalized. Within the first 30 min of interaction, the percentage of intracellular bacteria ranged from 0 to 10%, increasing to 50% after 2 h. Likewise, all but one of the 37°C-grown P-strains were capable of intracellular localization. However, intracellular bacteria were only demonstrated after 2 h of interaction. It is quite possible that all P-strains would have become internalized after further incubation. However, cytotoxic loss of cells from the monolayers made the results inconclusive. Like serotype 0:8, the total number of bacteria per cell was higher for bacteria cultivated at 22°C than for the 37°C-grown cultures, regardless of the presence of the virulence plasmid (Table 3) ; the differences were statistically significant (P < 0.05). However, this difference was more pronounced during the first hour of interaction than after 2 h, at which time the 37°C-grown bacteria began to catch up. In accordance with serotype 0:8, cytotoxic effects was only observed for cells with .40 associated bacteria, regardless of the presence of the virulence plasmid (Table 3) . It did not matter whether the bacteria were extracellular or intracellular. Serotype 0:3. Serotype 0:3 was characterized by an increased ability to invade HEp-2 cells compared with the other serotypes ( Table 2 ). Whereas only rare intracellular bacteria were seen with P+ bacteria cultivated at 37°C, all the remaining variants showed a high degree of internalization. The fraction of bacteria that were intracellular increased rapidly from 0 to 20% after 30 min to 75 to 98% within 1 h and reached 80 to 100% after 2 h. Thus HEp-2 cell infection was a more rapid process than in the case of serotype 0:9 and, unlike 0:9, included both P+ and Pbacteria. In contrast to serotypes 0:8 and 0:9, the total number of 0:3 bacteria per cell did not differ significantly between 22°C-grown and 37°C-grown cultures (Table 3) . Furthermore, the 0:3 strains seldom evoked cytotoxicity. This may be related to the fact that the total number of bacteria per cell rarely approached 40 to 50, which seemed to be a critical limit for the provocation of cytotoxic effects by 0:8 and 0:9.
Environmental isolates. Only one strain belonging to serotype 0:4 biotype 1 (strain 11036) was capable of association with the cells (data not shown). This strain, which was strictly adhesive, belonged to a series of 0:4 strains previously shown to adhere strongly to HeLa cells (15) . In contrast to the human pathogenic serotypes, the in vitro VOL. 52, 1986 on November 6, 2017 by guest http://iai.asm.org/ 88 LASSEN AND KAPPERUD adherence of strain 11036 was dependent upon prior growth at 22°C and was lost by cultivation at 37°C. The remaining three enviromental isolates, all of which belonged to biotype 1 (serotypes 0:3, 0:4, and 0:6), did not associate with the cells, regardless of incubation temperature. It is notable that all clinical isolates of 0:3 biotype 4 interacted with the cells, whereas the strain of 0:3 biotype 1 from a rodent did not.
Interaction with epithelial cells in vivo. Of the three strains tested, only one strain of serotype 0:8 (NY81-71) caused conjunctivitis in the guinea pig eye. This property was lost by curing of the virulence plasmid and was only demonstrable for bacteria cultivated at 22°C. One strain of serotype 0:3 (8265) and one 0:9 isolate (3315) did not evoke conjunctivitis, regardless of incubation temperature or presence of the virulence plasmid. The results obtained by using two different inoculation doses (108 and 1010 bacteria per ml) were identical. DISCUSSION Although Y. enterocolitica is known to be an invasive pathogen (6, 31, 39) , in vitro invasiveness does not seem to be related to virulence (12, 33, 40) . By comparison of isogenic pairs consisting of P+ and P-derivatives, we found no positive correlation between the presence of the virulence plasmid and the ability to localize intracellularly. This is in accordance with previously published results (12, 33, 36, 40) . However, in contrast to previous investigations, we found that the nature of interaction with HEp-2 cells varied considerably among serotypes. The use of different techniques and criteria for judging invasiveness may at least partly explain this discrepancy. In our study, serotype 0:9 was characterized by a negative correlation between the presence of the virulence plasmid and intracellular localization. In serotype 0:3, a negative correlation was observed for bacteria grown at 37°C, whereas the 22°C-grown bacteria, both P+ and P-, were rapidly internalized. Serotype 0:8 did not localize intracellularly regardless of the presence of the virulence plasmid or incubation temperature.
All human clinical isolates examined adhered initially to the cell surface. Vesikari et al. (41) advocated that adherence may be regarded as a factor opposing internalization. They reported that P+ bacteria adhered to the surface of cultured human macrophages and were apparently not phagocytosed as effectively as their P-derivatives. Thus, adherence may be regarded as a factor opposing phagocytosis in the lamina propria, where Y. enterocolitica is likely to encounter macrophages (26, 41) . The present in vitro model showed that (i) in serotype 0:3, resistance to internalization was dependent upon prior growth at 37°C and carriage of the virulence plasmid; (ii) in serotype 0:9, this property was plasmid dependent but not temperature dependent; (iii) in serotype 0:8, the ability to avoid internalization was constitutive. This observation parallels the serotype-dependent expression of virulence seen in animal models, with strains of serotype 0:8 producing the most severe infections (24, 27, 35, 36) . Whether this difference is attributable to dissimilar susceptibility to phagocytosis in vivo remains to be investigated.
One factor which may influence the interaction between Y. enterocolitica and cultured cells is the growth medium of the bacterial inoculum. Portnoy et al. (34) demonstrated that the appearance of plasmid-associated outer membrane proteins in Y. enterocolitica and Yersinia pseudotuberculosis was growth medium dependent as well as temperature dependent. Whereas protein 1 was expressed in all media tested, the lower-molecular-weight outer membrane proteins were absent from cultures grown in certain media (34) . It is therefore possible that some of the differences in interaction between Y. enterocolitica and cultured cells reported in this and other studies may reflect dissimilar outer membrane protein profiles among the bacteria used to inoculate the cell monolayers.
All strains examined in the present study were cultivated in EBM with 10% FCS, a medium which has been shown to promote expression of the plasmid-mediated surface fibrillae (17, 20) , thus enabling an assessment of potential correlations between these structures and interaction with epithelial cells in vitro and in vivo. In a concurrent study (Kapperud and Namork, in preparation), we present data which indicate that protein 1 constitutes a structural part of the fibrillae. The expression of surface fibrillae has been shown to be associated with increased cell surface charge (20) , hydrophobicity (20) , latex particle agglutination (20) , autoagglutination (17, 20) , and hemagglutination (17) , all of which may reflect an increased adhesive potential of the bacteria concerned. However, the presence of fibrillae was evidently not required for adherence to HEp-2 cells, since nonfibrillated bacteria (i.e., 22°C-grown strains) adhered efficiently to the cells. Indeed, in serotypes 0:8 and 0:9, but not in 0:3, P+ bacteria cultivated at 22°C adhered to the cells in greater numbers than did their 37°C-grown, fibrillated counterparts. This is in accordance with results indicating that Y. enterocolitica strains that are capable of association with epithelial cells in vitro generally do so more efficiently after cultivation at 22°C rather than at 37°C (22, 28, 30) . In serotype 0:3, a negative correlation was observed between the ability to localize intracellularly and the expression of surface fibrillae. P+ bacteria cultivated at 37°C, and thus having these structures exposed on their surface, were mainly extracellular. All of the remaining variants, lacking the fibrillae, became rapidly internalized. Thus, the presence of fibrillae appeared to oppose internalization of serotype 0:3 in vitro. No relationship between fibrillation and HEp-2 cell interaction was apparent for serotype 0:8 or 0:9. The significance of this finding in vivo is uncertain.
We are not aware of any previously published investigation on the potential significance of the surface fibrillae in vivo. In the present study, the ability of fibrillated and nonfibrillated Y. enterocolitica to interact with epithelial cells in vivo was tested by the Serdny model. The results so obtained were substantially different from those recorded in the HEp-2 cell assay. In accordance with the results documented by other investigators (24, 27, 35) , we found that the ability to cause conjunctivitis in the guinea pig eye was demonstrable only for P+ strains of serotype 0:8; 0:3 and 0:9 strains were negative. This is the exact opposite of the HEp-2 cell results, which indicated that 0:3 and 0:9 were more invasive than 0:8. However, both the Sereny model and the HEp-2 cell model differed from human Y. enterocolitica infections, in which all three serotypes provoke an invasive type of enteritis. Positive Sereny reaction was dependent upon prior growth at 22°C. This is in accordance with reports indicating that Y. enterocolitica strains grown at 22 to 25°C are more virulent to animals than bacteria grown at 35 to 37°C (8, 9) . Thus, we failed to demonstrate any correlation between expression of surface fibrillae and the ability to evoke guinea pig conjunctivitis. 
